A fairly accurate analytical expression of the measured reflectance is established for the general case of a non-Lambertian and nonuniform ground by separating the atmospheric and surface effects. The signal is nearly linear in the function of intrinsic atmospheric reflectance, the actual target reflectance, and two average ground reflectances, angular and spatial, to be defined. Contrast reduction by the atmosphere, defined in the cases of Lambertian and directional ground reflectances, has been evaluated using this formulation.
Introduction
The three main mechanisms by which terrestrial atmosphere perturbs the measurements of ground reflectances from space are (1) aerosol and molecular backscatterings change the measured target rflectances, (2) for nonuniform sites the measurement is altered by the contribution of the target background, and (3) the bidirectional properties of the target reflectance are partially smoothed over. by the atmospheric scattering processes.
The study of these different atmospheric effects has been considerably developed. Atmospheric models assuming the ground to be uniform and Lambertian have been studied extensively. [1] [2] [3] [4] [5] These computations give the intrinsic atmospheric radiation for quite varied conditions and also permit the evaluation of contrast degradation for sites of large dimensions or for small targets in a uniform background.1 2 7 Several attempts have been made to account for the diffuse radiation field corresponding to a nonuniform ground albedo with the aid of the adding procedure, the Fourier transformation method, or the invariant imbedding technique. 6 7 Finally, the influence of the bidirectional character of the reflectance has also been studied. 8 9 A. de Leffe is with Centre National d'Etudes Spatiales, Division Observation de la terre, 31055 Toulouse, France; the other authors These studies improve our knowledge of various atmospheric and surface effects, but their influences are most frequently considered separately. These effects generally occur simultaneously, and it is of interest to specify their relative importance in the function of experimental conditions (sun elevation, aerosol content, wavelength, type of target reflectance) and to evaluate measurement sensitivity to the variations of these conditions within the framework of multitemporal, multiangular, or multispectral observations. Consider a mean atmosphere above a ground for which the reflectance p(M,So,S) depends upon the point M and upon the incidence and observation directions So and S. The apparent reflectance p (M,S 0 ,S) of M, observed from a satellite in direction S when the sun is in direction So, will depend not only upon the actual target reflectance p(M,So,S) and the atmospheric reflectance
PaX(SOS)
but also upon spatial and angular mean reflectances to be defined (see, e.g., Refs. 10 and 11). An exact numerical simulation of the actual problem is obviously out of the question, but the study of a simple case of a uniform and Lambertian ground proves sufficient to give fairly precise answers to the following questions:
Which are the mean reflectances to be defined and how are they related to experimental conditions?
To what extent is the measurement a linear function of these mean reflectances?
What are the relative contributions of these quantities to the apparent reflectance p*(M,S,So); and how do these contributions vary in function of observation conditions.
Signal Analysis in the Case of a Homogeneous Lambertian Surface
Let it be given that the ground is of uniform Lambertian reflectance. The atmosphere and particularly the atmospheric aerosol concentration are assumed to be horizontally uniform. This study deals with monochromatic quantities, but subscript X will be omitted to simplify notation. Last, rather than being expressed as radiance I, the various quantities will be expressed exclusively in terms of equivalent reflectance defined as *HlI P* =-. P o4f (1) where f is the solar flux at the top of the atmosphere, and 00 = arccospo is the zenithal solar angle.
It is practical to express the signal received by the satellite in the function of successive orders of radiation interactions in the coupled ground-atmosphere system. 1 0 11 If p is the ground reflectance, the apparent reflectance is written
where r is the optical thickness of the atmosphere, 0 = arccosu is the zenithal viewing angle, 0 is the azimuthal angle, 
pE(o)
is the contribution resulting from diffuse downward solar radiation attaining the ground at point M [ Fig. 1(c)] , and represents the first-order contribution of the target background [ Fig. 1(d) ].
The geometrical series in Eq. (2) corresponds to higher orders of interaction with the ground, the term [exp(--r/jo) + E(,uo)](pr)n corresponds to radiation having interacted n times with the ground [ Fig. 1(e) ].
Equation (2) is also written as
For a homogeneous atmosphere, functions E(go) and E'(,) are identical in accordance with the reciprocity principle
Due to the presence of aerosols, the real atmosphere is inhomogeneous, but Eq. (4) is numerically well verified and will be accepted for the remainder of this paper.
Equation (3) is written as
In accordance with the above definitions, the normalized quantities E(,uo) and r are given by
where Id(r,ooq ) is the downward diffuse radiance at the bottom of the atmosphere for p = 0, and
where I-(-r,,) is the downward radiance at the ground level for the case of an incident upward isotropic radiation at the bottom of the atmosphere [I+(T,) = 1].
Signal Analysis in the Case of a Non-Homogeneous Non-Lambertian Ground Surface
Let it now be assumed that the ground reflectance depends upon the target M and the observation and incidence directions and thus is written p (M,jO,i,0) . In this case, Eq. (2) is no longer exact but remains interesting. Each of the terms (1) implicitly defines the different spatial and angular averages that must be made for p(M,,oqA), (2) gives the weight of these averages in the total signal, and (3) allows one to estimate the linearity of the measured signal. Equation (2) is now written as
1-(p(M,yo,ti,')) r
The first three terms of this development are precisely defined:
Pa (go,I) is still the intrinsic atmospheric reflec-
pi(M,,uo,y,0)E (Io) exp(-rIl) rigorously allows us to define an average angular reflectance of the target M
defines the average reflectance of the environment (p(MsAo,y,0)) in the same way, but this definition is not so easily formulated. If t(,x,y) is the contribution to E() per unit area of ground at a point M' with horizontal coordinates (x,y,), a reasonable definition of (p) (10) where -(M') is the average angular reflectance of M', (8) is approximate but acceptable. Since the corresponding term is quite small, this approximation proves sufficient. Equation (8) may also be more simply written with a good degree of approximation assuming (p -p-) (p) r 0:
, and where A, B, and C allow us to obtain the relative contributions of the defined reflectances p, p, and (p).
In Eq. (8), the signal is developed in such a way as to separate atmospheric properties from ground properties. This task is not exactly accomplished because p(M,Mo,/,u,) and (p(M,go,y,4)) are still dependent upon atmospheric properties by way of Eqs. (9) and (10) . But the study of the development coefficients of Eq. (8) will give some information about the relative weights of the various atmospheric effects. It will be seen in Sec. V that the remaining influence of the atmospheric properties upon -and (p) is much smaller than upon their respective weights.
IV. Atmospheric Functions
In order to define the dependence of atmospheric functions Pa (Ao,A,'I'), E(,), and r, it is necessary to calculate intrinsic atmospheric radiances for different experimental conditions and different atmospheric models. The considered atmospheric models consist of a Rayleigh atmosphere to which is added a variable aerosol concentration. Optical thickness and phase function for Rayleigh scattering have been adopted from the estimations of Hoyt. 1 2 The aerosol scattering properties correspond to the aerosol model used by McClatchey et al. 13 The particle scattering cross section and the phase function were computed from the size distribution using Mie theory. For this, the refractive index of the particles was assumed to be real (that is, no absorption) and equal to 1.50. Table I In a first approximation, the results in Fig. 2 are representative of the atmospheric effects due to a given optical thickness Tp and are independent of the particle model used for the computations. Apart from knowing Pa(iO,u,¢), the atmospheric parameter to be determined in order to define Eq. (11) is thus the aerosol optical thickness rp at the wavelengths used.
V. Average Reflectances
The sensitivity of averages -and (p) to the atmospheric properties is more difficult to evaluate, since it depends upon the exact nature of the target or site in- (11)] is sufficient for definition of the contribution of the bidirectional effects. However, the strongly directional atmospheric radiation corresponding to aerosol scattering reduces the degradation of the signal obtained for the pure molecular scattering.
From Fig. 3 it may be seen thatp preserves partly the bidirectional effect of p and could be approximately written as
with a = 1 -(cosO) and :3 = /2 (1 + (cosO)), where (cosO) is the anisotropy factor of the aerosol scattering phase function. This factor remains quite constant (about 2/3) for most of the aerosol models, 1 4 and variations of r and Eu) as a function of wavelength are mainly due to variations of 7-P,
with a = 0.1 for the Rayleigh scattering and a between 0.3 and 0.5 for V = 5 km and V = 23 km; a would generally depend upon the degrees of anisotropy of both the atmospheric scattering and the ground reflectance; a would tend to 0 for an isotropic scattering or a specular reflection; and a would be close to 1 for a strong forwardscattering and a near Lambertian reflectance. Spatial average reflectance (p) was evaluated by considering the case of a ground composed of two infinite half planes with uniform Lambertian reflectances Pi and P2. The computation of (p) was made by using the approximation of primary scattering for the evaluation of t u,x,y) in Eq. (10) . Figure 4 gives the values of (p) thus obtained for the three above defined atmosphere models and at wavelengths 450 nm and 850 nm. The residual interaction cannot be entirely neglected, particularly in the critical zone of 500 m, but, if one notes that the weighting of (p) is from 40% to 20% between visibilities of 5 km and 23 km, the linearity of Eq.
(11) remains quite accurate in the first approximation.
VI. Application: Definition of Spatial or Directional Contrast
In what follows, we attempt to generalize the notion of contrast reduction in the case of bidirectional reflectance properties. Contrast reduction is defined as the variation of the available signal after atmospheric degradation, as compared with the original signal. If P1 and P2 are the exact reflectances in two different measurement conditions, and p* and P2 are the measured apparent reflectances [Eq. (1)], the contrast reduction R is expressed as (14) P1-P2 which allows expression of the information loss when viewing through the atmosphere. Spatial contrast is obtained by giving reflectance values P1 and P2 for two neighboring targets for which the atmosphere can be considered identical. This notion will be extended to include the case of a target having bidirectional reflection properties. In this case, pi and P2 correspond to different incidence or viewing angles for the same target.
For the sake of practicability, it will be considered that the bidirectional measurements are made under fixed illumination conditions with an observation angle +0 in the incidence plane. The effects due to the term Pa [Eq. (2)] will be neglected, which is rigorously exact for the spatial contrast;
in the case of bidirectional measurements, however, Pa is dependent upon geometrical conditions and perturbs the measurement, but this effect will not be evaluated here. The effects due to the multiple interactions between the ground and the atmosphere will also be neglected. In order to evaluate contrast reduction, we consider the following cases:
(1) Spatial contrast between Lambertian sites of large dimensions ((p) = -= p). From Eqs. (11) and (14) we obtained of the ocean and other large uniform areas such as a desert or forest. The results in Fig. 4 show that the uniform area must have a minimum dimension of several kilometers. 
The following values of a were adopted from the results of the example dealing with the savannah [Figs. 
(5) The extreme case of a perfectly specular reflection can also be considered as the limit of contrast degradation R = exp(-r/hto) exp(-r/,4).
The contrast reductions corresponding to the dif- It is particularly interesting to note that the loss of contrast in directional effects (cases 3 and 4) is about the same as the loss of spatial contrast in the case of neighboring sites of small dimensions (case 2). This should allow the feasibility of bidirectional reflectance measurements to be evaluated by a study of the spatial contrast between sites of small dimensions as obtained in present remote sensing measurements. Measurement of the bidirectional properties of the target thus seems possible if given that the measurement is limited to good atmospheric conditions and to the upper limit of the visible spectrum. It must nonetheless be remembered that we have not taken into account the variations of Pa as a function of the geometrical conditions. In a rough analysis, the Pa variations expressed as reflectance are on the order of 0.05. This limits measurements to well-defined bidirectional reflectances, which in practical terms means the study of vegetation in the near IR region.
VII. Conclusion
A fairly accurate analytical expression of the measured reflectance was established for the general case of a non-Lambertian and nonuniform ground. The signal is quite linear as a function of the intrinsic atmospheric reflectance, the actual target reflectance, and two average reflectances, angular and spatial. These two average reflectances remain slightly dependent upon atmospheric properties. For atmospheric corrections, it appears that, except for the intrinsic atmospheric reflectance, the only unknown necessary for the definition of the relative weights of these different terms is the total optical thickness.
Other problems have not been studied here. The relationship between the average angular reflectance and the true reflectance should be generalized to include other types of directional reflectances, and the sensitivity of the average spatial reflectance to the aerosol distribution, for example, should be studied.
The formulation of the signal as described can be quite practical. In particular, it allows a fast and simple evaluation of the different notions of contrast and, more generally, should be useful in the optimization of the correction algorithms for a given type of measurement.
